Molecular confinement offers new routes for arraying large DNA molecules, enabling single-molecule schemes aimed at the acquisition of sequence information. Such schemes can rapidly advance to become platforms capable of genome analysis if elements of a nascent system can be integrated at an early stage of development. Integrated strategies are needed for surmounting the stringent experimental requirements of nanoscale devices regarding fabrication, sample loading, biochemical labeling, and detection. We demonstrate that disposable devices featuring both micro-and nanoscale features can greatly elongate DNA molecules when buffer conditions are controlled to alter DNA stiffness. Furthermore, we present analytical calculations that describe this elongation. We also developed a complementary enzymatic labeling scheme that tags specific sequences on elongated molecules within described nanoslit devices that are imaged via fluorescence resonance energy transfer. Collectively, these developments enable scaleable molecular confinement approaches for genome analysis.
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DNA labeling ͉ genomics ͉ nanofabrication ͉ polymer confinement A pproaches using single molecules are poised to radically alter the way most biological researchers conceive, perform, and analyze experiments. The use of single molecules as analytes represents absolute miniaturization and fosters new measurement schemes, allowing for a more comprehensive analysis. In comparison with traditional bulk measurement schemes, experiments using single molecules are direct and rapid, promising the generation of thousands of data points in a short time period. As such, the entry of single-molecule analytes into mainstream genomic investigation requires the development of highthroughput platforms, which in turn must effectively fuel new biological insights. To meet this challenge, integration of experimental or analytical components into working systems is a critical barrier because developments that simply identify new single-molecule phenomena or create new greatly miniaturized devices are merely the first few steps in this process. This implies that research efforts truly intent on impacting the genomic sciences will likely leverage single-molecule effects through the integration of robust devices with equally robust biochemical and detection schemes.
Almost paradoxically, many schemes for the analysis of single DNA molecules, such as sequencing, employ amplification steps (1, 2) using genomic DNA substrates. These steps, although obviating traditional clone libraries, also eliminate the principle advantage of single-molecule techniques for which measurements describe individual molecules, free from any consequences of an ensemble. Thus, new single-molecule approaches aimed at genomic analysis require a high level of precision and throughput before they become tools for research.
When large genomic DNA molecules are the primary analyte, how random coils are unraveled for high-resolution detection of markers (typically by fluorescence microscopy) as well as the presentation techniques employ a variety of schemes: devices that direct fluid flows for surface deposition of molecules (3, 4) ; agarose gel matrices (5, 6) or engineered nanopillar arrays (7, 8) , which enable electrokinetically driven reptation or threading of DNA molecules; and, most recently, direct nanoconfinement (9, 10) , where molecules are trapped in elongated configurations. During the last decade, nano-and microfabrication techniques have catalyzed these developments, allowing researchers to fabricate devices boasting complex geometries in both hard and soft materials. Traditionally, nano-and microscale fabrications for biological research have used silicon or quartz wafers as an adaptation from microelectromechanical systems (11), but there have been problems in integrating these materials with biological or genomic applications. Traditional device fabrication is technologically demanding and time-consuming, requiring expensive lithographic equipment (e.g., electron beam lithography for each nanoscale device) in a clean-room facility and later requiring complicated sealing approaches. Additionally, although electrokinetic control is very common for biomolecule manipulation, the semiconductor attributes of silicon wafers favor quartz fabrication due to its insulatory properties. However, toilsome and expensive device fabrication from quartz necessitates reuse, leading to contamination issues (12) . Although nanoscale features are more rapidly rendered through molding techniques (13) , the inability to produce a large number of disposable devices within a typical laboratory environment (14) has greatly hindered their use in high-throughput genomic applications.
To overcome the limitations of hard materials, soft lithography based on elastomer replicas (14, 15) has been developed, augmenting traditional lithography for biological applications using microfluidics (12, 16, 17) . Soft lithography uses molds (masters) created from silicon wafers patterned with photoresist for producing disposable elastomeric replicas (14) , most commonly from poly(dimethylsiloxane) (PDMS), ideally suited for high-throughput applications. Unfortunately, PDMS elasticity portends mechanical instability, especially for nanostructures of Ͻ100 nm, which often disappear by collapsing against flat substrates (18) .
Given these concerns, our goal was to develop a highthroughput system for genome analysis by using disposable devices offering effective nanoscale geometries sufficient for the presentation of large elongated DNA molecules. The idea was to create the basis for a successor to the established optical mapping system (19, 20) , which spans entire genomes through overlapping ordered restriction maps created from individual genomic DNA molecules. Our motivation for the work described here was advancement of whole-genome restriction mapping from a tool for discovery, or sequence validation, to a means for analysis of human populations and cancer genomes. We solved the conundrum of how to imbue features in disposable PDMS devices with nanoconfinement capabilities that closely parallel those found in devices with features of Ͻ100 nm and requiring traditional lithographic approaches.
By considering DNA as a polyelectrolyte, its enlargement in terms of physical measures of size hinges on a polymer's persistence length, commonly Ϸ50 nm (21) . Physical properties of DNA chains are derived from treatments modeling them as worm-like coils (22) , where they exhibit both local rigidity and long-range flexibility. From the theoretical work of Odijk, Skolnick, and Fixman (23, 24) , we know that ionic strength is an important factor governing intrachain electrostatic repulsion affecting the persistence length of worm-like polyelectrolyte coils, estimated from the Debye-Hückel screening length. This view was experimentally confirmed for large DNA molecules by Baumann et al. (21) , who found that the persistence length of DNA molecules inversely varied with ionic strength, in good agreement with the theory of Odijk, Skolnick, and Fixman. Consequently, we reasoned that low-ionic-strength conditions would sufficiently increase DNA persistence length, allowing for larger channels to be used for polymer confinement. Thus, when comparable length scales are achieved (persistence length and channel dimensions), polymer confinement regimes shift, enabling extensive elongation of polymer chains (25) within channel dimensions readily supported by standard PDMS fabrication techniques. Accordingly, we report our findings showing that DNA molecules are stretched up to 60% of their polymer contour length in disposable PDMS devices having 100-nm ϫ 1-m channels under low-ionic-strength conditions; remarkably, these results are comparable with those previously obtained under standard buffer conditions using 30-ϫ 40-nm channels (fused silica) employing nanoimprint or electron beam lithography (26) .
Although low-ionic-strength buffers enable DNA elongation in larger nanoslits readily made of PDMS, the avoidance of biochemically meaningful salt concentrations causes problems for most DNA enzymes used for genome analysis. However, molecular confinement and DNA modification enzymes (e.g., restriction endonucleases) are not necessarily incompatible when used within standard Ͻ100-nm fabrications, as recently demonstrated by Riehn et al. (27) . Instead, issues arise regarding the scalability of their device as a viable platform for genomic analysis due to the requirement that molecules must be continuously imaged for discernable biochemical events, greatly diminishing potential throughput. As such, we developed a singlemolecule labeling scheme obviating these concerns while offering distinct advantages for robust detection and integration within a system for genome analysis.
Conventional hybridization techniques are not suited for marking discrete DNA molecules because presentation approaches require intact, double-stranded DNA molecules after processing for analysis. Because optical mapping successfully employs restriction enzymes for reliable placement of sequencespecific markers onto individual molecules, we reasoned that a new class of endonucleases nicking at specific sites (28) would also confidently mark molecules but without unwanted doublestrand cleavage. Because nicks cannot be directly discerned by fluorescence microscopy, we label these sites by nick-translation of DNA molecules in bulk solution using fluorochrome-labeled nucleotides. We then counterstain DNA backbones with the bis-intercalator YOYO-1 before imaging. Specificity is enhanced by using ligase and dideoxynucleotide blocking steps, greatly diminishing labeling of preexisting random nicks. Finally, incorporated fluorochrome labels support FRET detection, which simplifies data acquisition by requiring one laser for excitation of DNA backbones (donor) and labels (acceptor).
Here, we report a series of interlocking developments and findings to potentiate a device design based on physical modification of large single DNA molecules through simple alterations of solution ionic strength. This developmental stance fosters creation of usable systems for advancing genome analysis. We demonstrate proof of principle with physical maps of BACs.
Results and Discussion
Multiscale Fabrication Facilitates DNA Loading and Elongation. Previously, we used soft lithography techniques to fabricate a microchannel device designed to load and deposit large DNA molecules onto charged glass surfaces (3) . Because this device has proven robust for routine optical mapping, we have adapted it here for capillary preloading of newly incorporated nanoslits (100 nm ϫ 1 m; Fig. 1 ). These PDMS devices are fabricated by following standard rapid prototyping procedures (12, 17) but with the inclusion of a dry-etch step, creating 100-nm-high features ( Fig. 1 ), used because it persists through cycles of replica molding, fostering large-scale fabrication of devices. A photoresist pattern of microchannels is then overlaid, creating nanoslit and microchannel features on the same silicon wafer. The nanoslit geometry engenders nanoscale confinement conditions while employing simple relief-based fabrication techniques, and wider channel entrances offer simplified loading and less clogging. Because the relaxed dimensions of our molecules ( and T4 bacteriophage DNA, R g ϭ 0.55 and 1.13 m, respectively) are greater than the slit dimensions, they are excluded from entering (29) by simple diffusion after capillary loading; an electric potential (70 V) transports relaxed DNA coils to nanoslit entrances for subsequent elongation. Fig. 2 shows images of electrokinetically loaded (48.5 kb), T4 (166 kb), and Escherichia coli genomic DNA molecules. For elongation, a molecule undergoes electrophoresis within a microchannel toward a nanoslit entrance, where it proceeds to enter then stretch. An E. coli genomic DNA molecule (Fig. 2 A) shows a contour length exceeding that of a nanoslit so that its ends appear relaxed within the microchannels. Here, the largest E. coli genomic DNA fragment spans the 105-m-long nanoslit and is qualitatively sized at 432 kb, assuming a stretch of 0.60 (see the next section); this stretch may be increased through tension exerted by the relaxed ends. Accordingly, the corresponding fluorescence intensity profile shows that this molecule is well stretched without detectable local folding back of DNA segments, also known as hairpins (30) . The total size of this molecule, accounting for the relaxed portions, may exceed 1 megabase. Such stretching is contrasted with the molecules completely within the nanoslits that exhibit folding, as evidenced by heightened values in their fluorescence intensity profiles.
Odijk (30) has put forward a theory of hairpins in various types of nanochannels (circular, square, and rectangular). The B-form of DNA remains intact so that the bending energy is purely elastic (see Eq. 3 below). The confines of a nanochannel cut off orientational and translational degrees of freedom, an entropic effect that tightens hairpins, forcing them toward the central axis of the channel. Because of this effect, which increases the free energy of the hairpin markedly, the distance between hairpins may reach tens or hundreds of micrometers, even for a nanoslit of the dimensions used here.
Low-Ionic-Strength Effects on DNA Elongation. Diminished ionic strength conditions increase DNA intrachain electrostatic repulsion (23, 24) , with a concomitant increase of the polymer persistence length, observable within a nanoslit as DNA stretching. We study these effects by using dilutions of the same working buffer, Tris-EDTA (1ϫ TE; 10 mM Tris base/1 mM EDTA, pH 8.0, titrated with HCl; ionic strength, 8.4 mM), performed within the same slit geometry (100 nm ϫ 1 m) for all experiments presented here. In addition to the TE buffer system, sodium phosphate and diluted New England Biolabs buffer 4 (Materials and Methods) were evaluated, and each demonstrated DNA stretching within nanoslits at low apparent ionic strengths (data not shown). Fig. 2 B and C show typical images of T4 and DNA (polymer contour lengths, 74.5 and 21.8 m, respectively) stretched within nanoslits under low-ionic-strength conditions (0.05ϫ and 0.01ϫ TE), with average apparent lengths of 40.9 Ϯ 8.4 m and 13.0 Ϯ 2.4 m, respectively. As a direct comparison, our value for the DNA is nearly equivalent to the findings of Reisner et al. (26) , who used 30-ϫ 40-nm channels and TBE buffer (0.5ϫ TBE ϭ 45 mM Tris base/1 mM EDTA/45 mM boric acid). Fig. 3 shows a plot of DNA elongation as a function of TE dilution (1/TE) reported as stretch, which is defined as the average apparent length, X, divided by the dye adjusted polymer contour length, L (e.g., L ϭ 21.8 m for DNA); a stretch of 1.0 indicates complete elongation.
This plot (Fig. 3) shows that DNA stretch is size-independent and inversely related to salt concentration or ionic strength according to persistence length calculations using Eq. 1. The persistence length (P) is related to the ionic strength (I) by an expression derived by Odijk, Skolnick, and Fixman (23, 24) and interpreted by Baumann et al. (21) :
where P o is the nonelectrostatic intrinsic persistence length due to base stacking, P el is the electrostatic persistence length due to intrachain repulsion, Ϫ1 is the Debye-Hückel screening length, and l B is the Bjerrum length (Ϸ7 Å in water). Although the value of P o varies according to environmental conditions (21), here we take P o to be 50 nm. Accordingly, we see that stretch plateaus at a 20ϫ dilution (effective ionic strength, 0.45 mM), with a corresponding persistence length of 122 nm, a value greater than our nanoslit height (100 nm). Although we interpret observed DNA stretching to be strictly a function of persistence length determined at a given salt concentration, such lengths may not be accurate due to additional low-ionic-strength effects that we are not taking into account here, including local DNA melting, particularly at AT-rich regions, or experimental limitations, for example, carbonate dissolution or contamination, which alters ionic strength at very low salt concentrations. A dotted line is used for describing alterations of persistence length at Ͻ0.05ϫ TE (20ϫ dilution) in Fig. 3 .
Polymer Elongation Regimes Under Confinement. DNA elongation is greatly enhanced when the scale of confinement geometry approaches a value comparable to the radius of gyration (29, 31, 32) or persistence length (24, 26) . Previously, Brochard and de Gennes (29) developed a scaling argument explaining polymer stretching under confinement within a channel, where a selfavoiding chain is considered as a series of blobs provided that channel dimensions are much larger than the persistence length (D Ͼ Ͼ P) and the polymer contour length is greater than D (L Ͼ Ͼ D). In their treatment, the stretch (X/L) of a polymer (persistence length P and molecule width w) in a channel (width (10, 29, 32, 33) ; however, this argument is not valid for highly stretched polymers (e.g., X/L Ͼ 0.5). Instead, for highly stretched polymer chains under nanoconfinement, a different scaling argument (25) treats polymer stretching within a nanochannel as a long chain deflected by the walls of a nanochannel with the stretch given by
Here, we wish to estimate the numerical coefficient. We introduce an analytical treatment based on a rescaling of the harmonic potential to the hard wall repulsions experienced by a worm-like chain confined in a slit geometry, followed by comparison with our experimental observations (Fig. 3) . The regime of strong elongation is complicated because of the formation of hairpins (30) . Because of this, the crossover between the two regimes is nontrivial and not understood at present.
Calculation of Stretch Within a Slit Regime.
A rigorous analytical calculation is impossible because of the hard wall boundary conditions previously mentioned in ref. 25 . Nevertheless, an exact computation is feasible for a worm-like chain confined in a harmonic potential, V(x) (34) . The Hamiltonian H in one dimension may be written as
where the first term is the scaled bending energy of the chain and the second is V[x(s)], which simulates the confinement. The position of the chain is x(s) at contour distance s from one end. Statistical mechanics applied to Eq. 3 may be shown to lead to a Gaussian distribution for the worm (as L 3 ϱ)
[4]
In this way, we may eliminate the dummy variable b. From the orientation-translation distribution derived by Burkhardt (35) , one may obtain (in one dimension)
and
.
[7]
One has to subtract the energy from the external field to retain only the configurational free energy F conf , which is entropic in origin [F conf ϭ (3/4)F tot ; for a detailed discussion, see appendix 1 in ref. 36] . After eliminating b, we obtain
Burkhardt (34) also computed F conf for a worm in a hard slit, but numerically,
where A rec ϭ 1.1036.
Rescaling. If we now assume that a hard wall may be simulated by a Gaussian, then we must identify d via the respective free energies (Eqs. 8 and 9) in two dimensions x, y:dx, dy. For instance, in the x direction, we have
[10]
Hence, we then insist on
[11]
Accordingly, we arrive at the following approximate expression for the relative elongation:
where A ϭ 1,000 nm and B ϭ 100 nm in our experimental condition. Of course, as ͗cos͘ diverges further away from unity, it becomes more approximate because we assume there is no back-folding. We note that the numerical coefficient in Eq. 12 is remarkably low. It implies that the formation of hairpins must be difficult even when A and B are of the order of the persistence length. This corroborates the computations of the high hairpin free energies under the same conditions (30) . A fit of Eq. 12 shows good agreement with the experimental observations in Fig. 3 , discounting TE buffer dilutions below 1/TE ϭ 20, where measured stretch values plateau, as attributed to the previously stated experimental conditions associated with very low ionic strength effects. We also point out that the effect of the electrostatic interaction between the DNA and the negatively charged walls of the nanoslit in our expansion for the stretch Eq. 12 is quite negligible. Although the Debye scaling length at 1/TE ϭ 20 is a substantial 15 nm long and should result in decreasing the height B to an effective value of Ϸ70 nm, the width A is altered little, if at all. The stretch is then predicted to increase by a few more percentage points because of electrostatics, which is well within the experimental margin of error displayed in Fig. 3A .
Equilibration of DNA Stretch. DNA molecules electrokinetically move through the microchannels as relaxed coils until approaching a nanoslit entrance. There, as one end of a molecule enters the nanoslit, it transiently elongates, adopting a conformation we describe as a single-ended dumbbell. The dumbbell progressively disappears as it threads into the nanoslit, adopting a nascent, fully confined conformation while approaching equilibrium after the field is shut-off. Fig. 4 shows a plot of length vs. time for DNA molecules reaching such equilibrium, where the inset images show dynamic shrinking and unfolding of T4 DNA molecules. These experiments used New England Biolabs buffer 4 at a 1,000ϫ dilution, resulting in a stretch of 0.58 (42.8 Ϯ 3.6 m; 81 molecules) (data not shown). As seen in Fig. 4 , DNA molecules expectedly enter nanoslits with different conformations and reach equilibrated forms via different processes. For example, the apparent equilibration time constants for these molecules are 7.4 and 13.7 s. These findings bear interesting semblance to a recent report in which Mannion et al. (37) investigated DNA equilibration within nanochannels under relatively high salt buffer conditions (5ϫ TBE; 445 mM Tris borate/10 mM EDTA). In their 100-ϫ 100-nm nanochannels, T4 DNA molecules are initially stretched up to 40 m and exponentially contract down to 26.4 m (X/L ϭ 0.23) with a relaxation time constant of 9.3 s, whereas in our 100-nm ϫ 1-m nanoslits, DNA molecules under low salt conditions start at Ϸ25 m and then stretch up to Ϸ40 m (X/L ϭ 0.55).
DNA Barcoding via Fluorochrome Labeling of Specific Nick Sites. Fig.  5 describes a molecular barcoding approach compatible with low salt conditions producing sequence-specific landmarks detectable by fluorescence microscopy. Importantly, all steps are performed in ''test tubes'' and then loaded into the nanoslit device after adjustment of ionic strength. Here, a nicking enzyme, Nb.BbvCI, cleaves only cognate sites on single strands of double-stranded molecules, made detectable by nick translation using fluorochrome-labeled nucleotides. Because preexisting DNA nicks would produce spurious signals, such sites are repaired or disabled by using T4 ligase and polymerase incorporation of dideoxyribonucleotides (ddNTPs) before labeling. Because nick translation efficiently incorporates fluorochromelabeled nucleotides, crossing of mobilized nick sites on complementary DNA strands occurs and produces double-strand breaks. We attenuate this action by the continued presence of ddNTPs in the labeling reaction mix, thus limiting the number of nucleotides incorporated per nick site through chain termination. This step also controls the size of fluorescent punctates, which would otherwise expand into each other if nucleotide incorporation were unchecked, thus diminishing the number of discrete markers. Conclusion. We have shown that DNA stretch is possible in relatively large-scale nanoslits by using low-ionic-strength buffers. Such polymer behavior was considered by using an analytical treatment explicitly dealing with slit geometries that engender molecular nanoconfinement. These insights were leveraged through the synergetic effects of low-ionic-strength buffers and the design of disposable PDMS devices bearing nanoslits for DNA analysis through codevelopment of a compatible labeling scheme for barcoding single molecules. The correlation of increasing DNA elongation with decreasing ionic strength is explained by the electrostatic repulsive force within a persistence length resulting from the Debye screening length. By minimizing the constraints of confinement dimensions required for elongating DNA molecules and instead focusing on salt conditions, PDMS nanostructures become useful tools for future genomic and polymer physics studies. For genomic applications, a stretch of 0.60 is capable of providing valuable data fueling biological investigations, as was previously obtained with the optical mapping system (3). As such, future efforts will leverage fully automated imaging, processing, and barcode construction (preliminary system created; data not shown) for the comprehensive assessment of errors, allowing for full integration with new algorithms created for assembling maps that span entire genomes.
Materials and Methods
Nanoslit Preparation. Fabrication of PDMS devices used standard rapid prototyping procedures (12) . A master wafer of nanoslits (100 nm high, 1 m wide, and 5 mm long) was dry-etched and overlaid with microchannels (3 m high, 100 m wide, and 10 mm long) made of negative photoresist; replica devices were produced by curing PDMS onto such master wafers (for details, see SI Text).
DNA Sample Preparation and Loading. DNA samples [1 ng/l DNA (New England Biolabs, Ipswich, MA), 0.78 ng/l T4 DNA (Waco Chemicals, Waco, TX), and E. coli DNA (38) ], contained 0.25 M YOYO-1, from 1ϫ to 0.01ϫ TE buffer, 4% (vol/vol) 2-mercaptoethanol, and 0.1% (wt/vol) POP6 (Applied Biosystems, Foster City, CA) to suppress electroendosmosis (10) . In addition to TE buffer, sodium phosphate buffer (pH 7.9; a 10:93 mixture of 10 mM NaH 2 PO 4 /10 mM Na 2 HPO 4 ) and New England Biolabs buffer 4 with 20 mM EDTA were also used. YOYO-1-stained DNA molecules were loaded into the microchannels via capillary action and then entered the nanoslits by using an applied electrical field (70 V) ( Fig. 1) with platinum electrodes inserted into the reservoirs. 
